ABSTRACT The evolution of nervous systems has included significant changes in the axon tracts of the central nervous system. These evolutionary changes required changes in axonal growth in embryos. During development, many axons reach their targets by following guidance cues that are organized as pathways in the embryonic substrate, and the overall pattern of the major axon tracts in the adult can be traced back to the fundamental pattern of such substrate pathways. Embryological and comparative anatomical studies suggest that most axon tracts, such as the anterior commissure, have evolved by the modified use of preexisting substrate pathways. On the other hand, recent developmental studies suggest that a few entirely new substrate pathways have arisen during evolution; these apparently provided opportunities for the formation of completely new axon tracts. The corpus callosum, which is found only in placental mammals, may be such a truly new axon tract. We propose that the evolution of the corpus callosum is founded on the emergence of a new preaxonal substrate pathway, the "glial sling," which bridges the two halves of the embryonic forebrain only in placental mammals.
Increases in the number of central nervous system (CNS) neurons and in the complexity of the synaptic neuropil characterize the vertebrate phylogeny (1, 2) . These increases are usually manifest as enlargements of specific CNS areas such as the cerebellum, the tectum, and the cerebrum. Local enlargements can be attributed to focal increases in the dominant class of vertebrate neurons-local circuit neurons-neurons with axons that extend only short distances in the CNS before synapsing (1) .
Local areas of the CNS are connected by another important class of neurons-projection neurons-which send their axons along a few long stereotyped routes to target areas far from their cell bodies. The white matter of the vertebrate CNS is composed largely of axon tracts of projection neurons, and many of the same major axon tracts can be identified throughout the vertebrates. Although the overall pattern of these major tracts appears to have been conserved during evolution (2) (3) (4) (5) (6) (7) (8) , there are some significant variations. Frequently, the compactness of particular tracts varies, as in the spinal lemniscal tracts (2, (9) (10) (11) . In some cases, the particular stereotyped route taken by homologous axons varies-e.g., the stereotyped routes of the corticospinal tracts differ among most primates, ungulates, rodents, and marsupials (12) (13) (14) . Moreover, a few major vertebrate axon tracts have appeared with no apparent precursors. The most dramatic example is the (dorsal) corpus callosum, which is found only in placental mammals (15, 16) .
The corpus callosum is a large interhemispheric commissure, and most axons of the corpus callosum interconnect homotopic neocortical areas (17) (18) (19) (20) (21) (22) . ( (2, 16, (26) (27) (28) . Among the placental mammals, the corpus callosum generally increases as the neocortex increases (16) . The corpus callosum is a truly new feature that has appeared in the mammalian phylogeny during evolution (16, 28) .
Ontophyletics: An embryological approach to evolutionary questions Special constraints operate during the evolution of those structures, such as axon tracts, that are built in complex developmental sequences. These constraints often allow one to infer evolutionary history from a comparison of extant chains of developmental events in various organisms (29) (30) (31) (32) . Such embryological analyses of evolution-"ontophyletic analyses"-focus on the ways that extant developmental sequences limit and channel evolution (32) . Here, we present an ontophyletic analysis of the evolution of the corpus callosum.
Clearly, the creation of the corpus callosum must have originated in mutations of the genome. However, production of the mature corpus callosum involves the cooperation of the products of many genes (33) , and some of the necessary developmental interactions appear to be quite distant from the genome (34) (35) (36) (37) . Thus, those mutations that originally brought about the evolution of the corpus callosum undoubtedly modified certain complex developmental sequences, sequences played out some "distance" from the transcription and translation of individual proteins.
Which critical developmental events may have been modified during the evolution of the corpus callosum? The corpus callosum is an axon tract of projection neurons. Most projection tracts appear to be organized along preexisting substrate pathways-neural "highways" that guide growing axons during development. On the basis of recent embryological discoveries, we propose that the critical developmental changes underlying the evolution of the corpus callosum included the acquisition of a new substrate pathway. To show that this was a likely course of events, we must first examine both the general role of substrate pathways in the development of CNS axon tracts and the specific constraints that substrate pathways impose on evolutionary changes in nervous systems.
Substrate pathways
Axon guidance pathways appear to be important factors in organizing the overall layout of axon tracts of projection neurons, such as the neurons of the two major cortical commissures-the corpus callosum and the anterior commissure (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) The substrate pathways of the CNS seem to act as common highways between the cell bodies (NUC in Fig. 1 ) of projection neurons and the axon target areas (TA in Fig. 1 ) (42) . During development, those axons that will form the axon tracts usually grow from groups of immature neurons clustered in reproducible locations (NUC in Fig. 1 (54) . Subsequent axons appear to fasciculate along preexisting axons, and in the developing tracts new axons continue to be added in successive layers to the preexisting bundles (46) (47) (48) (49) (50) (51) (60) (61) (62) (63) . In this way, the longitudinal pattern of the CNS axon tracts is largely determined by the pattern of the early substrate pathways, while the radial pattern within an axon tract is largely determined by the sequence of addition of axons. Finally, when reaching an appropriate target area (TA in Fig. 1 ), an axon probably follows local chemical cues and turns from the substrate pathway that it has been following (64, 65 (3, 15, (66) (67) (68) (69) (70) (71) (72) (73) (74) (75) . Many axons growing through the anterior commissure are decussating axons and not true commissural axons.
In placental mammals, the first anterior commissure axons grow out before axons of the corpus callosum (48) . The cortical anterior commissure axons grow ventrally, following the developing external capsules, and then grow toward the lamina terminalis. In the lamina terminalis, preexisting glial endfeet form aligned intercellular channels. This suggests that the endfeet of the local radial glia may constitute a special preaxonal substrate pathway that has been constructed before the first anterior commissure axons arrive at the midline (embryonic day 15 in the mouse) (48). The anterior commissure axons then follow this substrate pathway through the lamina terminalis and cross the midline into the contralateral cortices (48) . There, they continue growing along the external capsules and thence to their terminations in the contralateral cortex.
The substrate pathway underlying the anterior commissure is probably a common feature of the vertebrate ontogeny, because the anterior commissure is a constant feature of the vertebrate forebrain (2, 3, 15, 26, (66) (67) (68) (69) (70) (71) (72) (73) (74) (75) . In mammals lacking a corpus callosum (nonplacental mammals), the anterior commissure increases in size as the neocortex increases (15, 28) . This suggests that during evolution an increasing number of axons have used the same underlying anterior commissure substrate pathway. We propose that the comparative ontogeny of the anterior commissure reveals one of the major mechanisms of axon tract evolution. An increased (or a decreased) use of a constant preexisting substrate pathway appears to be a common mode of axon tract evolution, as can also be seen in the phylogenies of the corticospinal tracts (76) and the dorsal columns (10) . On the other hand, this mechanism cannot account for the evolution of completely new axon tracts. What mechanisms may have been responsible for the evolution of those axon tracts, such as the corpus callosum, that have emerged without obvious antecedents?
The corpus callosum develops along a new interhemispheric substrate pathway Recent embryological studies have shown that the first step in the formation of the corpus callosum is a fusion of the two cerebral hemispheres along the midline rostral to the lamina terminalis. The early callosal axons cross at a discrete point where the growing cerebral hemispheres have made this secondary fusion (48) . This special crossing point offers another route for interhemispheric axon connections, apparently independent from nearby primary midline structures such as the lamina terminalis. Evidence for this independence comes from the following observation. The formation of the corpus callosum can be completely blocked by surgically disrupting the secondary point of interhemispheric contact in precallosal (embryonic days 15 and 16) mice. Yet this operation has no effect on other midline commissures such as the anterior commissure and the hippocampal commissure (48) . Moreover, the genetic independence of the corpus callosum is suggested by the studies of D. Wahlsten of the University of Waterloo (personal communication), who has found that these other midline commissures do not vary from normal size in acallosal mutant mice.
How are callosal axons guided across this special interhemispheric crossing point? Before any callosal axons have reached the midline of the brain (embryonic day 17 in the mouse), a particular population of nonneuronal substrate cells has accumulated at either side of the secondary interhemispheric contact (48) . These cells are small (each soma is about 5 ,tm in diameter) and spider-shaped, with a relatively small cytoplasmto-nucleus ratio. Their cytoplasm is packed with rough endoplasmic reticulum and polysomes, and there are few intracellular filaments. These cells never develop neurites and they disappear neonatally: thus, they appear to be a transient class of glia. In fact, the cells closely resemble the immature glia previously described in the mammalian corpus callosum (77, 78) . However, these cells do not stain with the Cajal gold stain for astrocytes. On embryonic day 16 in the mouse, these glia migrate across the secondary interhemispheric fusion and form an interwoven cellular bridge between the two hemispheres ( Fig.  2 shows a comparable stage in the rat). This bridge [discovered by Silver (48,  On about embryonic day 17 in the mouse bundles of callosal axons first reach the edges of the hemispheres and begin to grow along the surface of the glial sling ( Fig. 2 shows a comparable stage in the rat). Later axons fasciculate along the earlier axons. In rodents, large numbers of axons are subsequently added rostrally and still later (embryonic days 18 and 19 in the mouse) they are added caudally. In humans, it appears that yet another midline fusion forms the massa commissuralis just dorsal and caudal to the lamina terminalis, and many of the later human callosal axons grow through this fusion (82) . The glial sling is a transient embryonic structure. It disappears soon after birth, and postnatal callosal axons are guided by fasciculating along the preexisting callosal axons (48) .
The glial sling appears to represent the earliest guide for callosal axons between the two hemispheres. In accord with other early CNS substrate pathways, the glial sling is composed of a special class of nonneuronal substrate cells and guides projection axons (in this case, callosal axons) over significant distances. Experimental evidence indicates that the formation of a dorsal corpus callosum is integrally dependent on the creation of this particular substrate pathway (48, 81) . How has this important developmental structure figured in the evolution of the corpus callosum? The glial sling appears to be a structure common to the ontogenies of many mammals. [Although there has been some question about its presence in the rat (83) clearly shows that the embryonic rat has a glial sling.] Perhaps those animals that lack a corpus callosum have ontogenies that also lack the underlying callosal substrate pathway. In particular, monotremes and marsupials do not have a dorsal corpus callosum. Do these animals have a glial sling?
The opossum and the evolution of the corpus callosum To answer this question, we (see also ref. 48 ) examined histological sections of the brain of a developing marsupial, the opossum. By pouch day 18, the anterior commissure was well formed but the cerebral hemispheres still had not contacted in the midline (Fig. 3) . The cerebral hemispheres continue to remain separate throughout the life of the opossum and never fuse along the midline rostral to the lamina terminalis (26) . In addition, there is no indication that groups of glial cells collect anywhere along the midline edges of the hemispheres. Thus, two critical steps necessary for the formation of a dorsal corpus callosum do not occur in the opossum: (i) There is no fusion of the cerebral hemispheres along the midline rostral to the lamina terminalis. (ii) There is no formation of a glial sling.
These observations lead us to hypothesize that the development of an interhemispheric glial sling was one of the critical steps in the acquisition of a corpus callosum by placental mammals.* We propose that during evolution a small number of critical genomic changes caused a particular group of substrate with our hypothesis that, besides interhemispheric fusion, a glial sling is also necessary for the formation of a corpus callosum (48) . Although there is fusion of the midline in these mutants, the glial sling is missing and the normal callosal axons cross through other commissures, follow preexisting ipsilateral pathways, or form a neuroma when they reach the midline. Identical results were found after surgical disruption of the glial sling in otherwise normal mouse embryos.
5938 Evolution: Katz et al. 4 cells to form the interhemispheric glial sling. The glial sling then offered a new substrate pathway to both new and existing axons: those axons that took advantage of the newly available glial sling became the corpus callosum. Once the glial sling became an established feature of the ontogenies of placental mammals, further evolution of the corpus callosum occurred in a typical fashion for axon tracts. As the size of the neocortex increased, the size of the corpus callosum increased-with the additional axons following the preexisting callosal substrate pathway (16) .
Glial sling mutant
A mutant mouse in which the corpus callosum fails to develop provides further support for our proposed evolutionary scenario. Wahlsten has shown that the BALB/c strain of mice contains a recessive incompletely penetrant mutation (apparently multifactorial) affecting the corpus callosum (33) . Complete expression is agenesis of the corpus callosum, and this callosal defect appears to be the primary CNS lesion (48, 84) . One of the earliest defects appearing in the acallosal mutant mouse is the failure of glia to collect along the medial walls of the forming hemispheres (48) . Subsequently, no glial sling forms. Agenesis of the corpus callosum is also a well-documented condition in humans (85) (86) (87) . In such cases, callosal axons form thick aberrant bundles running ipsilaterally and longitudinally along the roofs of the lateral ventricles. These aberrant axons are known as the bundles of Probst. In experimental animals, bundles of Probst can be produced artificially by disrupting the glial sling early in its development (48) . Bundles of Probst are also found in the acallosal mutant mouse (48, 81, 84) .
The acallosal mutation appears to selectively delete the glial sling while leaving the callosal axons intact. Thus, one important inference is that the glial sling is in many ways an independent ontogenetic unit, developmentally separate from the axons that use it as a substrate pathway. The successful identification of mutations that specifically affect critical developmental units is the first step toward unpuzzling those genomic changes that originally gave rise to the corpus callosum during the evolution of placental mammals.
The ontogenetic integration of genetic mutations A special developmental structure-the glial sling-appears to be one of the critical evolutionary innovations underlying the creation of the corpus callosum. In addition, however, there must be many other concordant integrated changes throughout development. To create a functional corpus callosum it is not sufficient merely to create a new substrate pathway bridging the two cerebral hemispheres. Axons must also be guided to the new substrate pathway, and later the callosal axons must form appropriate synapses. What generates all of the additional coordinated developmental changes that are necessary to make a functional corpus callosum?
On the one hand, the particular genomic changes responsible for the secondary midline fusion and for the glial sling may be pleiotropic (88) , perhaps bringing about certain additional coordinated changes during development. t On the other hand, the critical evolutionary mutations may have produced effects that must be secondarily integrated into the developmental sequence. f This secondary integration could be brought about by various ontogenetic buffer mechanisms, which normally operate during development to produce concordance among the many disparate developmental events (30) (31) (32) 89) .
One example of the ontogenetic buffer mechanisms normally at work during the development of the corpus callosum is "selective axon elimination." During development, callosal axons grow to most areas of the neocortex. As an animal matures, many of these axons are selectively eliminated from certain target areas (34, (90) (91) (92) . At least some cortical neurons which selectively eliminate a callosal (a contralateral) projection during development maintain another projection to the ipsilateral cortex (92) . It appears that cortical neurons initially send axons to several different cortical target sites and then selectively eliminate those axons that are not appropriately (perhaps, functionally) matched (62, (93) (94) (95) 
Conclusions
Embryological studies indicate that axons and substrate pathways are the natural developmental units underlying axon tracts. Evolution of axon tracts can occur through changes in either of these units. The two major forebrain commissures of mammals-the anterior commissure and the corpus callosum-provide good demonstrations of both routes of axon tract evolution. The anterior commissure appears to have evolved through the use of the same ancient substrate pathway by new axons. On the other hand, the corpus callosum probably first evolved via the emergence of an entirely new substrate pathway, the glial sling. During subsequent evolution of the corpus callosum, additional axons have then used this same underlying substrate pathway.
In general, the extant pattern of available substrate pathways will always impose a fundamental constraint on the evolution of axon tracts. Unless new substrate pathways arise, new axons must follow preexisting substrate pathways. These substrate pathways interconnect only certain predetermined areas, and thus not all neural populations can be directly connected, even by new axons. For example, it appears that the eye and the cerebellum cannot be directly interconnected by using extant substrate pathways. Nonetheless, new substrate pathways, such as the glial sling, may occasionally evolve, permitting direct and specific communication between completely new areas of the nervous system. In this way, the glial sling is an example of a truly fundamental evolutionary change in the topology of the CNS axon tracts.
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